Newer noninsulin agents to treat Type 2 diabetes offer more options for treatment intensification.
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Diabetes treatment guidelines continue to advocate for metformin as the first-line agent for treatment of Type 2 diabetes [1, 2] . However, in the most recent guidelines issued by the American Diabetes Association and the European Association for the Study of Diabetes, less prescriptive recommendations were offered for the secondary and tertiary agents to be employed once metformin monotherapy fails. Given that Type 2 diabetes is a progressive disease, most patients will eventually require multiple agents to maintain target glycemic levels.
For clinicians and patients, selecting secondary and tertiary agents requires consideration of the 'collateral' detrimental and beneficial effects. Common adverse side effects such as nausea may reduce food intake and provoke unintentional weight loss. Dyspepsia, meanwhile, may cause some patients to overeat to relieve discomfort, leading to unintentional weight gain. When treating Type 2 diabetes, the impact on body weight is the most significant day-to-day considerations for patients and clinicians.
Several sources acknowledge the urgent need for high-quality, comparative effectiveness research to guide diabetes treatment selection [1, 2] . Patients may also hold strong feelings regarding their diabetes medications based upon material read online, or gleaned from friends, family and the experience of fellow patients. Unfortunately, the inertia to initiate insulin therapy persists both on the part of clinicians and patients [3] . Such inertia delays the steps necessary for treatment intensification and relaxes treatment goals in the name of 'individualization' when, in reality, perceived patient resistance to increasing doses or additional agents may be the underlying issue. Thus, knowledge of non insulin therapies that can 'buy time' while preparing patients for the likelihood of insulin treatment can be particularly useful. Additionally, knowledge of the nonglycemic benefits of these oral and injectable diabetes agents factor into the decision-making process.
The addition of each non-insulin-based drug that affects glucose through different therapeutic mechanisms provides incremental improvements in overall diabetic control. Several oral agents (metformin and thiazolidinediones [TZDs]) lower exogenous insulin requirements. Novel GLP-1-based therapies, including those that work through DPP-4 inhibition, employ alternate pathways to affect diabetes progression.
The majority of non-insulin-based diabetes treatments have been approved for use in the USA in the past 15 years [2] . A summary of these agents is given in Table 1 . For primary information on the drugs' dosing, metabolism, efficacy, side effects and interactions, we refer the reader to several excellent print and online resources [4, 201] . Instead, this article examines the collateral effects of non-insulin-based therapies, with attention to insulin sensitivity, pancreatic function, body weight and composition, as well as the impacts on lipid metabolism, cardiovascular health, bone density, sex hormone and reproductive function, and potential cancer development. In the absence of major differences in HbA1c-lowering capability, these secondary effects take on increased importance during clinical decision-making.
insulin sensitivity & b-cell preservation Type 2 diabetes is characterized by a progressive decline in pancreatic b-cell mass and decrease in insulin secretory capacity. Comorbid obesity in Type 2 diabetes increases the insulin requirement necessary for adequate glucose disposal. Moreover, ectopic fat deposition in skeletal muscle, pancreas and liver raises insulin resistance. This mismatch between diminished endogenous insulin production in the midst of a mounting insulin requirement underlies the inevitable deterioration of glycemic control in Type 2 diabetes and the need for treatment intensification with exogenous insulin as the time from initial diagnosis increases [5] . Noninsulin treatments, as well as dietary modification, exercise and moderate weight loss, can slow the deterioration of glycemic control, maximize the effectiveness of native insulin and delay the need for exogenous insulin therapy by preserving b-cell function [6] . Meanwhile, for patients already on insulin treatment, these development of further complications. Currently, drug treatment effects on body weight and cardiovascular risk reduction factor most heavily in drug selection. However, more data are needed on off-target treatment effects, which can affect reproductive function, bone mineral density, retinopathy and potential cancer risk. This review outlines factors apart from glycemic control that may influence drug selection of secondary diabetes agents.
agents can reduce insulin requirements. A summary of adjunctive diabetic agents that influence insulin sensitivity and b-cell function are given in Table 2 .
Metformin, which has been used in Europe and Canada for over 50 years, and was approved for use in the USA in 1994, reduces insulin resistance by inhibiting hepatic glucose output and increasing glucose uptake by skeletal muscle and fat [7] . Lower circulating glucose levels improve the effects of native insulin and reduce hyperinsulinemia [8] . Additional insulin-sensitizing properties are derived from increased fatty acid oxidation [9] and decreased gastrointestinal glucose absorption [8] . It has been previously reported that combining metformin with insulin reduces insulin requirements by 27% [10] . Unlike its biguanide predecessor, phenformin, which was withdrawn from the market in the 1970s due to unacceptably high rates of lactic acidosis, metformin is considerably safer, although use with diminished renal function (males with serum creatinine levels over 1.5 mg/dl or females over 1.4 mg/dl) is associated with an increased likelihood of developing this potentially fatal side effect.
Metformin also selectively increases the incretin hormone GLP-1 in a non-glucose-dependent manner in animal studies [11] , but does not appear to do this through direct stimulation of the gastrointestinal L cells that produce GLP-1 per se [12, 13] . One theory is that metformin may increase bile acid secretion in the intestine, which stimulates bile acid receptor GPBA (TGR5) on L-cell receptors to increase GLP-1 secretion. It has been proposed that metformin may have some DPP-4-inhibiting properties. However, in vitro studies have disproven the hypothesis that metformin lowers DPP-4 activity directly [14] [15] [16] . Ultimately, however, metformin confers additive glycemic benefit when combined with DPP-4 agents [12] .
In addition to direct glycemic effects, metformin may implicitly slow b-cell deterioration Depletion of b-cell insulin secretory capacity with SUs may lower treatment durability over time compared with metformin and TZDs. The largest and longest study of Type 2 diabetes, the UK Prospective Diabetes Study (UKPDS), followed 5102 patients for a median of 10 years across 23 centers in the UK to determine whether intensive insulin treatment reduced cardiovascular and microvascular complications, and whether treatment with a SU, metformin or insulin yielded clinical advantages or disadvantages [21] . Of patients maximally treated with a SU, over half went on to require insulin during the mean 6-year follow-up period [22] . ADOPT was a double-blind study of approximately 3600 drug-naive patients randomized to maximal treatment with rosiglitazone, glyburide or metformin, and followed for a median of 4 years. Patients in the SU group required the addition of a second agent sooner than patients on metformin or rosiglitazone [23] .
SU selection should take into consideration the drug's pharmacodynamic profile, and patients should be advised to administer the medication so that the peak effect coincides with maximal postprandial glucose levels in order to reduce the hypoglycemia risk [24] . One 27-week study demonstrated a lower incidence of documented hypoglycemia (3.7 vs 8.9%; odds ratio [OR]: 2.5; 95% CI: 1.4-4.7) and a reduced discontinuation rate (one vs nine patients) among those treated with gliclazide MR versus glimepiride. Gliclazide is currently marketed in most countries across the world, except for the USA. The potential for SU overdose should also be considered [25] . Over-ingestion of SU agents with TZDs enhance peripheral insulin resistance by facilitating insulin-mediated glucose uptake and utilization. Because it acts at the level of PPAR-g nuclear transcription, TZD treatment may require 4-6 weeks to manifest its full effect [28] . Similar to metformin, TZDs used in conjunction with insulin therapy can reduce the amount of exogenous insulin required. In patients stabilized on continuous subcutaneous insulin infusion, the addition of troglitazone (now withdrawn from the market due to hepatotoxicity) reduced insulin requirement by 53% (48 ± 4 U/day down from 102 ± 13 U/day) compared with 31% (76 ± 13 U/day down from 110 ± 18 U/day) with metformin initiation [29] . When used in addition to premixed insulin injections twice daily, rosiglitazone treatment resulted in a 1.2% HbA1c reduction with a simultaneous reduction of insulin requirement by 12% [30] . In 2007, the US FDA warned against simultaneous use of rosiglitazone with insulin in Type 2 diabetes due to a higher risk of myocardial ischemia observed in controlled double-blind clinical trials.
TZDs also slow b-cell decline. In the DREAM trial, 982 patients randomized to ramipril, rosiglitazone or placebo underwent successive oral glucose tolerance tests over a 2-year period [31] . Rosiglitazone improved measures of insulin secretion, while ramipril showed no effect compared with baseline [32] . In a subgroup analysis, patients with IGT, or combined IGT and impaired fasting glucose benefited more from rosiglitazone therapy compared with patients with impaired fasting glucose. Similarly, pioglitazone reduced conversion from IGT to Type 2 diabetes in the ACT Now trial [33] by lowering fasting glucose, 2-h glucose tolerance levels and HbA1c compared with placebo [34] . Combined with observations from ADOPT [23] , rosiglitazone monotherapy delayed the need for additional antidiabetic agents, illustrating improved b-cell preservation somewhat better than metformin and significantly better than SUs.
Incretin mimetics (i.e., exenatide, onceweekly exenatide and liraglutide) affect glucose control by activating GLP-1 receptors located in the gastrointestinal tract to promote postprandial insulin release, improve hyperglycemiainduced glucagon suppression and delay gastric emptying to lower subsequent food intake. Through vagal pathways, GLP-1 activation of hypothalamic centers reduces feeding behavior and improves satiety [35] . While sensitivity to GIP diminishes in Type 2 diabetes, responsiveness to native GLP-1 is preserved, and may be exploited with pharmacological doses to protect and promote b-cell function. In freshly isolated islet cells, GLP-1 supports b-cell morphology and function and inhibits apoptosis. When combined with intensive insulin therapy in humans, a small study (n = 8) demonstrated a three-to four-fold increased sensitivity to GIP and GLP-1, which produced higher C-peptide values during second-phase insulin release [36] .
In the same pathway, DPP-4 inhibitors (i.e., sitagliptin, saxaglipitin, linagliptin and vildaglipitin) block the enzyme responsible for degrad ation of GLP-1 and GIP, indirectly promoting postprandial insulin release while lowering inappropriate hyperglucagonemia [37] . b-cell function, as measured by the HOMA-b index and the proinsulin:insulin ratio, improves after treatment with DPP-4 inhibitors [38] [39] [40] . In rodent studies, DPP-4 inhibition increases b-cell mass. Functional human studies demonstrate durable increases in insulin secretion for study periods as long as 2 years. Whether DPP-4 inhibition expands functional b-cell mass in humans and offers any persistent benefit after drug discontinuation is still unknown [41] .
effects on body weight & gastrointestinal function
Lifestyle modification to produce a 5-10% reduction in body weight remains a first-line recommendation for all patients newly diagnosed with Type 2 diabetes. Several non-insulin-based therapies (shown in Table 3 ) can be helpful in this regard, while others can promote further weight gain.
Metformin's weight neutrality makes it particularly attractive as a first-line treatment for Type 2 diabetes. Additionally, metformin increases early satiety through stimulation at the GLP-1 receptor to reduce food intake [42] . Metformin-related gastrointestinal disturbances (i.e., nausea) may also reduce food intake. Conversely, measures that increase hyperinsulinemia -namely exogenous insulin or insulin secretagogues -are Review Roe, Pon, Hollander & Raskin anabolic and promote weight gain. In patients treated with SU monotherapy, UKPDS showed an increase of 2-4 kg over 6 years compared with patients treated with diet alone [22] . a-glucosidase inhibitors (i.e., acarbose) are also considered weight neutral. The pseudotetrasaccharide is structurally similar to oligosaccharides in dietary carbohydrates and binds with greater affinity, inhibiting the enzymatic activity of a-glucosidase contained on the brush border of the small intestine [43] . The resulting increase in fermentable carbohydrates reaching the distal colon frequently causes flatulence and diarrhea. Intestinal glucose absorption is attenuated and postprandial glucose excursions are reduced. In patients with chronic constipation, gastroparesis or functional bowel disorders, this may promote gastric motility, particularly if flatulence can be controlled by starting at the lowest dose and gradually titrating upward. Taken with a high carbohydrate meal, acarbose has also been shown to reduce GIP and lower GLP-1, but whether these changes contribute meaningfully to the drug's overall effect is uncertain [44] .
The amylin analog, pramlintide complements insulin activity by reducing postprandial glucagon secretion and the amount of glucose present in circulation. Amylin also stimulates hypothalamic receptors, and replacement in both Type 1 and 2 diabetes promotes early satiety and weight loss. A pooled analysis found that pramlintide produced a placebo-corrected HbA1c difference of 0.4% among insulin-treated patients compared with placebo. Pramlintide-treated patients achieved greater mean weight reductions; overall, placebo-subtracted weight loss was 1.8 kg over the 26-week trial [45] .
Incretin mimetics promote early satiety, which facilitates weight loss. The three AMIGO studies with exenatide documented weight loss of 1.6, 2.8 and 1.6 kg when combined with SU, metformin, or combined SU and metformin, respectively, over a 30-week study period [46] [47] [48] . Long-term follow-up in patients on maximally dosed metformin and exenatide showed continued weight loss of -5.3 ± 0.8 kg over 82 weeks [49] . Weight loss is equivalent for the daily and weekly formulations of exenatide [50] .
For liraglutide, the LEAD studies demonstrated weight reduction when used alone or in combination with other antidiabetic agents, although use with SU or insulin tended to produce less weight loss [51] [52] [53] [54] [55] . Liraglutide monotherapy reduced weight by 1.85 and 2.26 kg for the 1.2 and 1.8 mg doses, respectively, compared with an increase of 1.22 kg with glimepiride [53] . However, more liraglutide-treated patients reported prolonged nausea, so it unclear whether this weight loss is a true drug treatment effect or an unintended side effect. When compared with the lipoprotein lipase inhibitor, orlistat, liraglutide produced dose-dependent weight loss of up to 7.8 kg with the 3.0 mg dose compared with 4.1 kg with maximal doses of orlistat. Overall, liraglutide produced placebo-subtracted weight loss ranging from 2.1 to 4.0 kg during the 20-week trial, as well as modest reductions in diastolic blood pressure and prevalence of prediabetes [56] .
In combination with insulin and oral agents, GLP-1 agonists exert a positive effect on weight loss compared with SU-based and insulin-only regimens. Meanwhile, DPP-4 inhibitors are weight neutral and do not influence gastric emptying, satiety or appetite [57] .
In addition to direct glycemic effects on the PPAR, TZDs promote differentiation of mesenchymal precursors into adipocytes. Expansion of adipose stores lowers circulating free fatty acid levels, which reduces insulin resistance and hyperinsulinemia. In nonadipose tissue, ectopic fat deposition interferes with insulinmediated glucose uptake in skeletal muscle, while hepatic glycogen synthesis and nitric oxide generation in vascular epithelium are impaired. By reducing plasma free fatty acids, TZDs improve insulin signaling and sensitivity, but at the expense of increased body fat and [58] . In diabetic patients with dyslipidemia, metformin treatment can lower triglyceride and total cholesterol while increasing high-density lipoprotein cholesterol [8, 59, 60] . Despite improved lipid metabolism, metformin has not demonstrated efficacy in reversing the fatty liver changes that often accompany Type 2 diabetes. Nonalcoholic fatty liver disease (NAFLD) is a spectrum of histological changes encompassing mild hepatocyte damage and ballooning to steatohepatitis with progressive inflammation and necrosis with or without bridging fibrosis; ultimately, culminating in cirrhosis. Biopsy results show that metformin does not reverse these histological changes and is not recommended for treatment of NAFLD [61] .
TZDs, meanwhile, can reduce hepato steatosis by as much as 50% [62] . Akyuz and colleagues followed patients for up to 1 year and observed a similar benefit on liver histology and liver function tests with rosiglitazone 4 mg daily compared with lifestyle modification through diet and exercise [62] . Another 48-week trial showed that rosiglitazone improved clinical and pathological features of hepatosteatosis and steatohepatitis [63] . Pioglitazone with diet modification has been shown to improve liver aminotransferases, hepatic fat content, histology and inflammation, but not measures of fibrosis in patients with Type 2 diabetes and NAFLD [64, 65] . However, TZDs are not currently approved in the USA for the treatment of NAFLD and with rosiglitazone's subsequent market withdrawal, use of pioglitazone for this indication is still considered experimental.
Intraclass differences in PPAR affinity, in particular the a subtype, confer pioglitazone with favorable lipid effects compared with rosiglitazone [66, 67] . Both rosiglitazone and pioglitazone convert small, dense, atherogenic low-density lipoprotein (LDL)-cholesterol to large, buoyant LDL particles [67] . Rosiglitazone increases LDL particles more than pioglitazone [66, 68, 69] . Meanwhile, HDL-cholesterol can be increased 10-20% [68] . Hypertriglyceridemia (levels over 200 mg/dl) is also improved with pioglitazone more so than rosiglitazone [66] .
Additionally, the LDL-lowering agent, colesevelam (Welchol ® ; Daiichi Sankyo, Tokyo, Japan), has demonstrated sufficient glucoselowering properties to gain regulatory approval for the treatment of Type 2 diabetes through mechanisms not well understood. The drug reduces HbA1c by approximately 0.5% in patients failing oral agents, and 1.0% among patients with a pretreatment HbA1c ≥8.0% compared with placebo [70] . As an add-on therapy with insulin, colesevelam yields an additional 0.5% HbA1c reduction compared with placebo [71] . Improvements in LDL cholesterol (~15%) exceed the mild nonsignificant increase in triglycerides (~7%). Furthermore, the extent of HbA1c lowering appears to correlate with an improvement in the atherogenic LDL [72] .
inflammation, endothelial dysfunction & cardiovascular health
Cardiovascular disease afflicts approximately a quarter of patients with Type 2 diabetes [58] and risk reduction, whether through pharmacologic or lifestyle interventions, is critical to improve morbidity and mortality. Metformin has proven effectiveness in the reduction of cardiovascular mortality [73, 74] . The UKPDS found that metformin use in overweight patients with Type 2 diabetes reduces macrovascular morbidity and mortality compared with treatment with insulin or SUs.
Inflammatory biomarkers and acute phase proteins are increased in patients with Type 2 diabetes. Higher levels of PAI-1 predispose individuals to incident diabetes independent of BMI and insulin sensitivity [75] . Elevated PAI-1 is also associated with increased insulin resistance [76] , and metformin reduces PAI-1 levels [77] . In BARI 2D, patients with Type 2 diabetes and pre-existing stable coronary artery disease were randomized to either an 'insulinproviding regimen' with exogenous insulin or SU, or an 'insulin-sensitizing regimen' with metformin or TZD. Metformin reduced PAI-1 and improved inflammatory (i.e., CRP) and fibrinolytic biomarkers (i.e., d-dimer, fibrinogen and Review Roe, Pon, Hollander & Raskin fibrinopeptide A) [76] . By contrast, these studies also showed consistently that metformin had marginal influence on blood pressure and heart rate [78] . Overall, metformin's cardioprotection appears mediated by its anti-inflammatory effects rather than improvements in vascular tone.
SUs, in addition to their b-cell secretagogue function, also bind to ATP-dependent K + channels (K + ATP ) located in several nonpancreatic tissues [79] . The myocardium and vascular smooth muscle cells contain SU receptors that differ in isoform from the subtype found in pancreatic b-cells [80] . When the myocardium is exposed to ischemia, open K + ATP channels permit ion flux, which enables protective vasodilatation and reduces myocardial damage, termed ischemic preconditioning [81] . Closure of these mitochondrial-based K + ATP channels interferes with recovery following a myocardial ischemic insult. Conversely, closing the sarcolemmal-based K + ATP channels can stabilize arrhythmogenic-prone myocardial tissue and even offer spontaneous defibrillation to protect against ventricular arrhythmias following an ischemic event [82] .
Among first-and second-generation SUs, glyburide has the highest relative binding affinity for myocardial receptors. Activation of the SU receptor may increase susceptibility to and the resulting infarct size following an ischemic event [83] . Clinical data regarding this physiological observation have been mixed. While the UKPDS found no elevated cardiovascular events rate among patients on glyburide compared with other antidiabetes agents [84] , other studies show an increased risk in patients on glyburide alone [85] or in conjunction with metformin [83] . Intraclass difference may also exist; the ADVANCE trial followed 11,410 patients with Type 2 diabetes with major macro vascular or microvascular disease, or at least one other cardiovascular risk factor for hypoglycemia while using gliclazide MR. Among patients who developed severe hypoglycemia, rates of subsequent major macrovascular and microvascular events, and death were higher than in patients without severe hypoglycemia [86] .
Measures that improve insulin resistance translate to improvements in endothelial function and lower inflammatory markers. TZDs increase arterial vasodilatation, lowering ambulatory systolic and diastolic blood pressure readings by 3-5 mmHg [87] . PPAR-g activation decreases production of vascular adhesion molecules and growth factors that reduce vascular smooth muscle cell and fibroblast proliferation [88] [89] [90] . TZDs also improve hypercoagulability, namely by reducing circulating fibrinogen and PAI-1 levels [91] . Additionally, cytokines and inflammatory biomarkers, particularly TNF-a and CRP, which have been shown to contribute to incident myocardial infarction, are reduced [92] .
Clinically, pioglitazone's improvements in inflammation and procoagulability can be measured through reductions in carotid intimal media thickness [93] , a surrogate for atherosclerotic disease progression, and in-stent restenosis following percutaneous coronary intervention [94] . While improvements in intermediary cardiovascular measures should translate to fewer cardiovascular events, TZDs have not demonstrated reductions in cardiovascular events. The PROactive study compared pioglitazone versus placebo in 5238 patients with Type 2 diabetes and established macrovascular disease over a median of 34.5 months of treatment [95] . No significant difference in clinical end points, including death, nonfatal myocardial infarction, leg amputation and acute coronary syndrome, were observed. A secondary composite end point of all-cause mortality, nonfatal myocardial infarction (excluding silent infarction) and stroke, added just prior to the study closure, showed a 16% reduction with pioglitazone treatment compared with placebo (p < 0.027) [96] . Interpreting the study results may be challenging due to low rates of statin use, now considered standard of care for secondary cardiovascular disease prevention. However, subsequent subset analysis failed to show cardiac risk reduction when pioglitazone was added in patients already treated with statins. Improved cardiovascular risk was associated with increased HDL after pioglitazone treatment rather than any improvement in glycemic control [97] . The RECORD trial, which randomized 4447 Type 2 diabetes patients to rosiglitazone with either metformin or SU, or metformin and SU, found no difference in cardiovascular events except for a 2.15-fold increased risk of congestive heart failure in patients using rosiglitazone [98] .
TZD-mediated fluid retention and peripheral edema are mediated by PPAR-g activation on the proximal tubule of the nephron [99] . Increased free-water retention expands blood volume, and in the absence of increased red blood cell volume may contribute to ≤1.0 mg/dl decline in hemoglobin and hematocrit within the first 12 weeks of starting TZD treatment. Peripheral edema occurs in 4-5% of patients on TZD mono therapy, 6-8% when combined with SU, and up to 15% when combined with insulin [100] . Patients with a prior history of congestive heart failure have greater risk for fluid retention and peripheral edema with TZD therapy; however, this is reversible with drug discontinuation. The PROactive trial in patients with established cardio vascular disease reported a congestive heart failure exacerbation rate of 5.7% on TZD therapy compared with 4.1% in the control population [95] .
Following a 2007 meta-analysis [101] , which found increased cardiovascular ischemic events in patients treated with rosiglitazone, analyses of large long-term randomized clinical trials involving rosiglitazone including ADOPT [23] , DREAM [32] , RECORD [98] , ACCORD [102] and VADT [103] found no increased cardiovascular risk from rosiglitazone treatment [104] . However, the negative publicity prompted an FDA black box warning and cautionary warnings from several cardiology organizations [105] . Rosiglitazone is only available on a restricted basis in the USA [202] and was withdrawn from the EU, South African and New Zealand markets in 2010 and 2011.
DPP-4 inhibitor-mediated activation of GLP-1 receptors appears to promote NO-mediated vasodilation through mechanisms that are not yet well understood [106] . Clinically, this may translate to improved vascular tone, reduced ischemia reperfusion injury and improved myocardial contractile function [107] . DPP-4 inhibition also impairs cleavage of the neuropeptide Y and peptide YY; build up of intact precursors increases sensitivity to the vasoconstrictive effects of angiotensin II. GLP-1 direct agonists and DPP-4 inhibitors, to a lesser extent, show clinically meaningful blood pressure reductions in patients with Type 2 diabetes and hypertension.
DPP-4 inhibitors may confer additional cardioprotection by reducing inflammatory cytokines while upregulating immunosuppressive cytokines that block the inflammatory process, which promotes atherosclerosis. Additionally, GLP-1 receptor activation appears greater with a direct agonist compared with indirect DPP-4 inhibitors. In a small pilot study (n = 10), GLP-1 agonists demonstrated improvements in left ventricular function (left ventricular function, global wall and regional wall motion indices) in patients following angioplasty for acute myocardial infarction [108] .
The newest class of oral agents for Type 2 diabetes is the sympatholytic D2 dopamine agonist, bromocriptine, an immediate-release formulation taken within 2 h of waking [109] . The drug increases early morning hypothalamic dopaminergic tone, which reduces hepatic glucose output, lipolysis and sympathetic tone. Peripheral insulin resistance is reduced [110] . Beyond trial data documenting efficacy along or with other oral antidiabetic agents, few human data are available on the drug's nonglycemic effects. The safety study conducted for FDA marketing approval showed a 40% reduction in cardiovascular end points (i.e., myocardial infarction, stroke, hospitalization for angina, hospitalization for congestive heart failure, coronary revascularization and death) compared with placebo (hazard ratio: 0.60; two-sided 95% CI: 0.37-0.96; p = 0.036) [111] . Modest improvements in blood pressure, heart rate and triglycerides were noted, which were not large enough to explain the large drop in cardiovascular events [109] . Further research is needed to elucidate the mechanism of these cardioprotective effects in humans.
Androgens & reproductive function
Although not specifically approved for the treatment of polycystic ovarian syndrome (PCOS), metformin improves ovulatory function and fecundity rates in affected patients. In women with oligomenorrhea desiring pregnancy, metformin restores menstrual frequency and normalizes ovarian hyperandrogenemia independent of weight loss [112] . One meta-analysis of 17 studies showed improved ovulation rates with metformin compared with placebo (OR: 2.94; 95% CI: 1.43-6.02) and the treatment effect appeared strongest in women resistant to clomiphene [113] . When combined with clomiphene, metformin increased ovulation frequency (OR: 4.39; 95% CI: 1.94-9.96) and odds of achieving pregnancy (OR: 2.67; 95% CI: 1.45-4.94). In head-to-head comparison, 626 women with PCOS were randomized to metformin, clomiphene or combination therapy [114] . The live birth rate was significantly lower with metformin (7.2%) compared with clomiphene (22.5%) and combination therapy (26.8%), but with higher multiple birth rates in clomiphene-treated women -6.2% with monotherapy and 3.1% with combined therapy versus none in the metformin-treated group. A meta-analysis earlier this year also found that ovulation induction in women with PCOS was less effective with metformin compared 0.06-6.47). Meanwhile, metformin was equivalent to combined metformin and clomiphene in ovulation frequency and miscarriage rates, but inferior in achieving pregnancy [115] . Overall, combination therapy appears to outperform metformin or clomiphene alone.
Metformin-induced improvements in circulat ing androgen levels can also help hirsutism and acne in PCOS [116] . One study comparing metformin to an oral contraceptive containing ethinyl estradiol and cyproterone acetate found reduced hirsutism scores and improved patient self-assessment with metformin, which correlated with improved insulin sensitivity rather than with suppression of androgenic activity [117] . In nonobese girls with precocious puberty, metformin improved insulin response on glucose tolerance testing, hyperandrogenemia, hirsutism and menstrual irregularity, and these effects reverted with metformin discontinuation [118] .
TZDs may also be used as insulin-sensitizers in the treatment of PCOS [119] ; however, despite largely equivocal gains in insulin sensitivity, metformin promotes greater weight loss. TZDs have not been shown to improve ovulation rates. With their adverse impact on bone mineral density (which coincides with peak bone accrual for reproductive-age women) and potential teratogenic effects, TZDs are clearly inferior to metformin and are not approved for the treatment of PCOS. Table 4 ). Type 2 diabetes confers a 40% higher risk for bladder cancer compared with the general nondiabetic population [120] ; however, TZDs (namely pioglitazone) add additional risk through a mechanism not yet well understood.
Cancer risk Several diabetes agents have been linked both to increased and decreased cancer rates (shown in
The cumulative dose exposure to pioglitazone appears to associate with increased bladder cancer risk prompting US and Canadian regulatory warnings [121] . Pioglitazone should not be used in patients with concurrent or prior history of bladder cancer or any uninvestigated macroscopic hematuria. Screening for risk factors including age, smoking, family history, or exposures to radiation or known chemical or antineoplastic culprits should factor in the decision to start pioglitazone [203] .
Epidemiologic studies of adverse event data from the FDA have signaled higher rates of pancreatic cancer in patients taking the DPP-4 inhibitor, sitagliptin, and GLP-1 analog, exenatide (p < 0.008 and p < 9 × 10 -5 ), but no increased risk of other types of cancer [122] . It should be noted that such reporting databases do not control for other risk factors for pancreatic cancer, such as obesity, smoking and prior pancretitis, nor do they contain a representative sample of the overall population. Further analysis is still needed to define the relationship between GLP-1 agonist therapy and cancer development. Longterm safety data on to incretin-based agents are also needed.
Liraglutide causes proliferation of benign and malignant thyroid C-cell tumors in rodent studies [204] ; however, no similar increases in calcitonin or medullary thyroid cancer have been documented in humans. This may be related to the reduced density of GLP-1 receptors on human C-cells compared with rodents [123] .
Finally, more data continue to emerge that metformin may be protective against certain types of cancers, particularly colorectal, breast, pancreatic and liver. In breast cancer, metformin treatment was linked with a reduced risk in one recent meta-analysis [124] , while another found no benefit compared with other antidiabetic agents [125] . This protective effect may be related to AMPK activation, which promotes catabolic processes and reduces energy-requiring functions including cellular proliferation.
Other notable risks
A full description of major and minor side effects for each drug class is outside the scope of this review and better covered in other sources [4, 201] . Several notable side effects, however, while rare in prevalence, may still influence clinical decision-making for or against a particular drug. We have chosen to highlight several notable side effects below. Long-term therapy with metformin has been linked to vitamin B 12 deficiency in 10-30% of patients. The exact mechanism is not clear, but appears related to impaired calcium-dependent absorption across the ileal membrane, which may be rectified by calcium supplementation [126] . No screening guidelines exist for vitamin B 12 levels in diabetic patients on metformin; however, clinicians should have heightened suspicion for sequelae of chronic B 12 deficiency, including megablastic anemia, peripheral neuropathy and even increased cardiovascular risk due to elevated homocystiene levels that may result from chronic B 12 and folate deficiencies. Other causes of B 12 deficiency should be excluded, including pernicious anemia, malabsorption and other offending medications such as proton pump inhibitors [7] .
After market introduction in 1999, TZDs have been linked to an increase in visioncompromising diabetic macular edema (DME) [127] . According to one large prospective cohort epidemiologic study, an OR of 1.6 (95% CI: 1.4-1.8) for DME was detected among patients treated with TZD compared with alternative agents despite controlling for glycemic control, regular vision screening exams and access to prescription drugs [128] . Another retrospective analysis of 103,368 patients over a 10-year period, calculated DME incidence to be 1.3% for TZD users compared with 0.2% for nonusers after controlling for body weight, HbA1c and concomitant medications, but did not account for duration of TZD exposure [129] . The degree of risk appears similarly increased for rosiglitazone and pioglitazone. A higher risk for DME was also found in patients treated with TZD combination therapy with insulin (hazard ratio: 3.0; 95% CI: 1.5-5.9) [128] .
Additionally, increased fracture rates have been reported in TZD users [130] . The putative mechanism involves PPAR-g activation, which interferes with bone marrow stem cell differentiation, promoting adipogenesis at the expense of osteoblastogenesis and new bone formation. ADOPT [23] and RECORD [98] both found elevated fracture rates in women on rosiglitazone most commonly affecting the upper limb and distal lower extremity [98] . Spine, hip and femur fractures, sites more typical for osteoporotic fractures, did not increase statistically with rosiglitazone [98] . Likewise, PERISCOPE [131] and PROactive [132] observed a similar increased risk of fracture with pioglitazone treatment. In PROactive, fractures were more common among females, primarily affecting extremities rather than the hips. In the largest meta-analysis, ten randomized controlled trials and two observational studies that followed over 45,000 patients found a higher fracture risk in women, but not men, treated with pio glitazone and rosiglitazone [133] . This gender-specific effect was subsequently countered by a UK retro spective analysis of 1020 low-trauma fractures; TZD use conferred a 2.43-fold increased fracture risk over placebo, after controlling for sex and age [134] . Thus, TZDtreated patients should have regular bone density monitoring and alternative treatments should be considered in patients with osteo porosis or prior low-trauma fractures. Currently, no recommendations exist for bone density screening in premenopausal women using TZD therapy who otherwise lack risk factors for osteoporosis.
Pancreatitis has been linked to liraglutide, exenatide and the DPP-4 inhibitor, sitagliptin. For sitagliptin, post-marketing surveillance revealed reports of acute pancreatitis requiring hospitalization [122, 205] ; 21% of these cases occurred during the first 30 days after drug initiation [57] . However, other retrospective studies of insurance database claims have not found an elevated risk of pancreatitis due to sitagliptan [135] .
Incretin mimetics/agonists and DPP-4 inhibitors have a rare risk of hypersensitivity reactions and anaphylactoid reactions. Stevens-Johnson syndrome and acute renal failure have occurred with DPP-4 inhibitors [57, 136, 137] .
Conclusion & future perspective
With the broader armamentarium of antidiabetic agents now available, consideration of the 'off-target' effects should factor into clinical decision-making and treatment selection. Numerous opportunities exist to select agents with complimentary nonglycemic benefits.
Lessons from rosiglitazone and other diabetic agents approved for use, only to be withdrawn from the market, remind us of the need for rigorous testing to discern side effects, particularly those resulting from long-term use. Drugs that influence glucose metabolism often influence related metabolic pathways and may carry unforeseen biologic effects -some advantageous while others are detrimental. Given the frequency of lipid disturbances and obesity in patients with Type 2 diabetes, drugs that have multiple effects are preferable; however, Review Roe 
